These data from Listeria, coupled with observations
that Ena family members can nucleate actin polymerizanot function in a one receptor/one adaptor linear pathway. To determine if Ena plays a more subtle role in tion and bundle actin in vitro, have led to the suggestion that Ena/VASP proteins stimulate actin polymerization Robo signaling, we looked for genetic and biochemical interactions between Robo and Ena. ena and robo show and cell motility. However, the presence of an Ena binding site in a repulsive guidance receptor points to a more several dosage-sensitive genetic interactions. In light of the known interactions between Ena and the Abl tyrosine complex role for Ena/VASP function. Does Ena lead to an increase or decrease in motility? Is Ena involved in kinase, the observation that robo interacts with ena suggested that Abl too could be involved in Robo signaling. attraction or repulsion? The results we present here strongly implicate Ena in repulsive axon guidance downWhile we were testing for robo/ena interactions, we recovered abl in a screen for genes that could modify the stream of Robo. In a companion paper, Bear and colleagues (Bear et al., 2000 [this issue of Cell]) show that Fra-Robo chimeric receptor overexpression phenotype. This convergence led us to examine interactions beinhibition of Ena/VASP function actually increases the rate of cell migration of cultured fibroblasts, and that tween Robo and Abl as well. A role for Abl in CNS axon guidance has been preincreased levels of Mena slow cells down. These two papers challenge the notion that Ena/VASP proteins play viously revealed by removing abl and a number of other gene functions (Gertler et al., 1989) . For example, double a stimulatory role in whole cell and growth cone motility, and instead focus attention on their role in repulsion mutants of abl and Fasciclin I show a dramatic reduction in the thickness of commissural axon bundles (Elkins et and inhibition.
In the fly, mutations in the two genes-ena and roboal., 1990). Like ena, mutations in abl also alter ISNb motor axon guidance (Wills et al., 1999a) . Here, we show display strikingly different phenotypes; ena is weaker than robo in terms of midline guidance defects, but ena that whereas Ena mediates part of Robo's repulsive signal, in contrast, Abl antagonizes Robo signaling. affects a broader range of guidance decisions than robo.
Thus, if Ena functions downstream of Robo, then it can
Both Abl and Ena can directly bind to Robo's cyto-sural bundles sometimes appear abnormal and wander Figure 1C and Table 1A ). We also looked a Role for ena in Midline Repulsion at the axons that pioneer one of the longitudinal axon In wild-type embryos, the CNS axon scaffold has a charpathways. Normally, the pCC cell body, positioned at acteristic ladder-like appearance with longitudinal axon a distance of several cell diameters from the midline, bundles running along either side of the midline and extends an axon anteriorly to join with descending axons commissural axon bundles crossing the midline in the from the MP1 and dMP2 neurons. Together these axons anterior and posterior commissures in each segment pioneer the pCC pathway, which runs parallel to but ( Figure 1A) . In ena mutants, the overall pattern of the does not cross the midline ( Figure 1E ). In robo mutants, CNS axon scaffold is fairly normal; the longitudinal axon pCC initially extends anteriorly, but instead of continuing tracks and anterior and posterior commissures are its anterior trajectory, it turns and crosses the midline spaced normally and are usually of wild-type thickness.
( Figure 1H ). In ena mutants, pCC behaves normally. But However, in contrast to wild type, the axons in ena mutants appear to be less tightly fasciculated, and commisif ena is mutant, and robo is reduced by 50%, then pCC frequently crosses the midline (Figures 1F and 1G) . crossovers, often several per segment ( Figure 2C and Transheterozygous slit,robo/ϩ embryos typically distype is not observed unless both copies of ena are removed (Table 1B) . The suppression of the phenotype of play two to four axon bundles of the medial longitudinal pathway inappropriately crossing the midline per anithe Y-F mutant receptor is most striking, where 50% reduction of ena function allows significant commissure mal; such defects are never observed in wild-type embryos (Figures 2A and 2B ; Table 1B ). If now in this formation ( Figure 2F and Table 1B ). These observations complement the dominant enhancement data, and toslit,robo background we also reduce ena by 50% a dramatic enhancement of the slit,robo phenotype is regether the genetic interaction results provide strong evidence that robo and ena work together in a common vealed; instead of 2-4 crossovers per embryo of the medial longitudinal pathway, we now see many more pathway to mediate midline repulsion. 
Overexpression of Abl Mimics robo Loss-of-Function 3B)
. Similar results were obtained with both GAL4 drivers, and substituting UASabl for EPabl also gave compaOverexpression of the Fra-Robo chimeric receptor leads rable results (Table 1D and data not shown). Overexto dose dependent CNS axon guidance defects and pression of Abl also disrupts the guidance of axons reduced viability. We screened the EP collection (a colthat pioneer the longitudinal pathways (e.g., the pCC lection of P-element inserts that allows targeted misexneuron), causing them to inappropriately cross the midpression of flanking genes) (Rørth, 1996) for genes that line ( Figure 3C ). The midline crossing defects caused when overexpressed in combination with Fra-Robo, by Abl overexpression are largely kinase dependent; would enhance the lethality of the chimera. In this only very weak effects are observed when a mutant form screen, we recovered an EP insert in abl as one strong of Abl that lacks kinase activity (Henkemeyer et al., 1990) enhancer. This finding was intriguing in light of the geis similarly overexpressed (data not shown). This sugnetic interactions between robo and ena, and prompted gests that phosphorylation of substrates by Abl is imporus to investigate a role for Abl in Robo signaling. tant in generating the Abl overexpression phenotype. We used the EP insert in abl to overexpress Abl in all neurons with elavGAL4 and scabrousGAL4, and examined the CNS with antibodies to Fas II and BP102. Vary-
Reducing Robo Function Enhances the Abl ing the copy number of EPabl and GAL4 driver allowed
Overexpression Phenotype us to generate animals with a range of Abl expression
The Abl overexpression phenotype suggests that Abl levels. Overexpression of Abl results in dose-dependent could act to antagonize Robo function. We reasoned ectopic midline crossing reminiscent of the phenotype that if increasing Abl expression produced its effects observed in robo mutants. Low levels of Abl expression by directly antagonizing Robo, then genetically limiting result in occasional errors in midline guidance; Fas IIrobo and/or slit copy number might enhance the abl positive bundles are sometimes observed to inapproprioverexpression phenotype. We used low level expresately cross the midline ( Figure 3A and Table 1D ). Higher sion of Abl (i.e., single copy), with the idea that it would levels of Abl expression caused more dramatic phenobe easy to detect enhancement of the mild phenotype caused by these levels of Abl. Indeed, although we types that appear similar to loss of robo function (Figure Table 1D 3A and Table 1D ), most animals carrying one copy of EPabl and one copy of elavGAL4 4D to 4E; Table 1D ; and data not shown), arguing further for a role of abl in regulating Robo signaling. In contrast, are essentially wild type ( Figure 4A and Table 1D ). If, in this background we also remove one copy of robo, we increasing abl in the slit,robo/ϩ background has the reciprocal effect of enhancing the midline crossing phesee a marked enhancement of the midline crossing defects, with some animals showing many inappropriate notype ( Figure 4F and Table 1D ). cross-overs ( Figure 4B and Table 1D ). This effect is observed with two independent robo alleles (data not Both Abl and Ena Can Bind to the Cytoplasmic Domain of Robo shown). Removing one copy of slit has a similar, but slightly weaker, effect. In addition, simultaneous panTo test whether the genetic interactions observed between abl, ena, and robo could reflect direct interaction neural expression of Abl and a truncated Robo receptor, which acts as a weak dominant-negative, also enhances between these three proteins, we have performed in vitro and in vivo assays for protein/protein interactions. the ectopic midline crossing phenotype (Table 1D) .
Interestingly, the phenotype resulting from increasing For these experiments, a panel of Abl, Ena, and Robo protein expression constructs were generated (FigAbl and decreasing Robo is dependent on an intact Abl kinase domain; overexpressing a kinase-dead Abl in ure 5A). GST pull down assays reveal robust in vitro interacrobo heterozygotes does not cause significant guidance errors ( Figure 4C and Table 1D ). This observation again tions between Ena and Robo, as well as Abl and Robo ( Figures 5B-5D ). In the case of Ena, bidirectional interacsuggests that phosphorylation of Abl substrates is important in generating these phenotypes. Removing one tions have been examined: a GST Robo cytoplasmic domain fusion (GST RoboC) can effectively pull down copy of ena, a known substrate of Abl and a logical candidate to be a potentially important target of Abl in vitro translated Ena, while GST alone can not, and GST Ena can bind in vitro translated Robo, while GST kinase activity in the context of midline repulsion, does not enhance the Abl overexpression phenotype (Table  alone can not ( Figures 5B and 5C ). In both cases, deletion of the CC2 motif results in a similar significant reduc-1D), whereas removing one copy of robo does ( Figure  4B and Table 1D Figure 5D ). notype. We found that reducing abl (using either the GST Abl SH3 and GST Abl SH2 can also efficiently pull down in vitro translated Robo ( Figure 5B) . Binding of Robo to the Abl SH3 domain is strongly reduced when the CC3 motif is deleted, while the other mutant forms do not significantly effect the observed binding ( Figure  5B) . In contrast to the interactions of Ena and the Abl SH3 domain with Robo, none of the Robo cytoplasmic domain mutants consistently effect the binding observed with the Abl SH2 domain ( Figure 5B ). In addition to efficiently binding to in vitro translated Robo, the GST Ena, GST Abl SH3, and GST Abl SH2 can precipitate full-length Robo from Robo-expressing S2 cells (Figure 5E) .
We also examined in vivo interactions between Robo and Ena by coimmunoprecipitation from embryonic extracts. For this we generated a monoclonal antibody to the N terminus of Ena and used the previously described Robo monoclonal antibody. Our Ena antibody specifically recognizes Ena in whole-mount embryos as well as in extracts from embryos and S2 cells (Figures 5F and 5G; data not shown). Extracts were prepared from wild-type embryos as well as embryos expressing myctagged forms of Robo. We found that in wild-type embryonic extracts, the Robo monoclonal antibody can coimmunoprecipitate a small amount of Ena protein, while a preimmune serum can not ( Figure 5F ). In addition, in extracts from embryos expressing myc-tagged Robo, the anti-myc monoclonal antibody can also precipitate a small amount of Ena. Furthermore, in extracts from embryos expressing an equivalent amount of the myctagged Robo⌬CC2 mutant, the myc antibody precipitates less Ena ( Figure 5G ). We have been unable to perform similar in vivo interaction experiments between Abl and Robo because we do not have an Abl antibody that efficiently recognizes Abl in embryonic extracts. However, the strong in vitro binding, together with the genetic interactions support the idea that Abl, like Ena, (residues 962-1217) fusion protein that had been phosphorylated in vitro using purified Abl. This analysis identified three phosphotyrosine sites in the membrane proximal region of the hRobo1 cytoplasmic domain, namely Y1073, located in the conserved CC1 motif (PTPYATT), the more N-terminal Y1038, located in the sequence STVYGDV of hRobo1 (GTDYAEV in dRobo1), and the more C-terminal Y1114, within the motif PVQYNIV of hRobo1 (HSPYSDA in dRobo1) (data not shown). Substitution of the tyrosine in CC1 (Y1073) with phenylalanine, or deletion of the CC1 motif (⌬CC1, removing residues 1070-1079) leads to a significant reduction in the tyrosine phosphorylation of the hRobo1 cytoplasmic domain by Abl⌬SH3 in the Cos1 cell cotransfection assay (Figures 6D and 6E) . Additionally, there was a decrease in the gel mobility of the wild-type cytoplasmic hRobo1 protein upon phosphorylation by Abl⌬SH3, which was not evident for the Y1073F or ⌬CC1 mutant proteins coexpressed with activated Abl, consistent with the possibility that Y1073 is phosphorylated by Abl in cells. These observations suggest that hRobo1 can be phosphorylated by the Abl tyrosine kinase at multiple sites within the juxtamembrane region, including Y1073 in the CC1 motif, both in vitro and in cultured showed some ability to rescue robo loss of function, reducing the amount of ectopic midline crossing when expressed in a robo mutant background (Figure 7 ; Table the hRobo1 cytoplasmic protein (Figures 6A-6C ). In con-2; and data not shown), indicating that none of the three trast, a truncated form of the Flag-tagged hRobo1 cyto-CC motifs are absolutely required for complete Robo plasmic protein, lacking N-terminal residues 930-1173 repulsive output. was not significantly tyrosine phosphorylated in Cos1
However, when compared with the rescue observed cells also transfected with Abl⌬SH3 ( Figures 6A and 6B) . using wild-type transgenes, there were significant differThus, although this truncated protein is highly exences seen in the relative degree of rescue. Both the pressed, it does not act as a substrate for Abl, sug-⌬CC2 and ⌬CC3 mutants showed consistent reduction gesting that the juxtamembrane region of hRobo1 conin their ability to rescue the robo phenotype. The differtains the principal phosphotyrosine sites. The sequence ences were most striking in the case of the ⌬CC2 mutant that is deleted in the shorter protein contains tyrosine (Figures 7E and 7F ; Table 2 ). In robo null mutants, the 1073 of the conserved CC1 motif (PTPYATT). This motif innermost Fas II positive pathway wanders back and resembles the c-Abl phosphorylation site in c-Crk forth across the midline ( Figure 7D ). When a wild-type (PGPYAQP) (Feller et al., 1994; Rosen et al., 1995) .
Robo transgene is expressed in all CNS neurons in this To map potential sites of tyrosine phosphorylation, background, the midline phenotype is restored to near nano-electrospray-tandem mass spectrometry was used wild type ( Figure 7E) . In contrast to the near complete rescue observed for the wild-type and ⌬CC1 transgenes, to identify tryptic phosphopeptides from a GST-hRobo1 (Table 2 ). The fact that the ⌬CC1 mutant 7B). Semi-quantitative immuno-histochemical comparison of the Robo protein levels of these two genotypes, showed no reduction in its ability to rescue the robo mutant is consistent with the idea that CC1 is a site of indicate that UASrobo2X actually expresses relatively more protein than UASroboY-F, and that both forms of negative regulation by Abl. The impaired ability of the ⌬CC2 mutant to rescue robo function further supports Robo exhibit a similar degree of axonal localization (data not shown). These observations suggest that RoboY-F a direct role for Ena in Robo repulsion.
In contrast to all wild-type robo transgenes examined functions as a dominant active form of Robo, that is able to repel all axons from the Slit-expressing midline thus far, several independent inserts of the roboY-F mutant transgene generate a completely commissureless (i.e., is still ligand-gated), at relatively lower protein levels than wild-type Robo. phenotype when expressed in single copy ( Figure 7C ). 
